RCrO 4 oxides (R=Pr, Gd, Tb, Tm, and Yb) have been synthesized at 773 K using the corresponding nitrates as precursors. X-ray diffraction data reveal that these samples are single phases and crystallize with the zircon-type structure, showing tetragonal symmetry, space group I4 1 /amd. All the compounds are antiferromagnetic and the Ne´el temperature, which depends on the R 3+ ion, takes values lower than 30 K. The presence of a canting appears to be responsible for the negative values of the magnetic susceptibility found below the compensation temperature. This uncommon phenomenon is named reversal of magnetization. It is field-dependent, being suppressed at 500 Oe for the TmCrO 4 compound. The highest value of the compensation temperature (24 K) corresponds to the YbCrO 4 oxide. A metamagnetic transition has been observed in all cases at critical fields ranging from 225 Oe (GdCrO 4 ) to 1600 Oe (YbCrO 4 ). # 2002 Elsevier Science (USA)
INTRODUCTION
Previous studies concerning the family of oxides RCrO 4 (R=Nd-Lu and Y) reveal that they crystallize with the zircon-type structure, space group I4 1 /amd (1) . This structure can be described as built up by (RO 8 ) bisdisphenoid polyhedra forming edge-sharing zig-zag chains along the a-axis. Such chains are connected to one another in the c-direction by common edges of the (CrO 4 ) tetrahedra units, as can be observed in Fig. 1 . On the other hand, LaCrO 4 presents the monazite structure (2) . PrCrO 4 is dimorphic and very recently we have been able to isolate both the zircon and monazite (3) polymorphs as pure phases using specific synthesis conditions.
The coexistence of two paramagnetic cations, namely Cr 5+ and R 3+ , in these compounds constitutes an adequate scenario to study the 3d-4f magnetic interactions and the important role that the rare earth anisotropy plays in the magnetic properties. Magnetic susceptibility and magnetization measurements applying magnetic fields higher than 1000 Oe led to the assignment of a ferromagnetic behavior to most of these oxides (4) . However, our previous results indicate that such behavior is clearly induced by the external magnetic field. In fact, the RCrO 4 compounds (R=Sm, Eu, Er, and Lu) can be classified as antiferromagnetic materials (5) . The strong influence of the crystal field on the ground term 4 I 9/2 of the Nd 3+ ion at low temperatures appears to be the responsible for the anomaly found in the susceptibility vs temperature plot of the NdCrO 4 , rather than the antiferromagnetic ordering recently proposed with T N =25.2 K (6). The aim of this research work is to study thoroughly the magnetic properties of the RCrO 4 oxides (R=Pr, Gd, Tb, Tm, and Yb) employing different magnetic field strengths in a wide range of temperatures.
EXPERIMENTAL
In this study, we have prepared the samples by heating the stoichiometric amounts of R(NO 3 ) 3 Á 6H 2 O and Cr(NO 3 ) 3 Á 9H 2 O, following the thermal scheme: 30 min at 433 K, 30 min at 473 K, and 60 min at 773 K. An oxygen flow has been used in order to stabilize the 5+ oxidation state in the chromium ion. The reaction takes place according to
The obtained samples are green-colored, and the X-ray diffraction patterns show the existence of the zircon polymorph as a single phase in all cases.
Powder X-ray diffraction patterns were registered at a rate of 0.11 (2) min À1 using a Philips X'Pert MPD, Nifiltered Cu Ka radiation. A step scan of 0.041 (2) between 101-1201 and a counting time of 15 s for each step were employed. Rietveld full-profile refinement was done with the FULLPROF program (7) .
AC and DC magnetic susceptibility measurements were performed using a Quantum Design XL-SQUID magnetometer in the temperature range of 1.7-300 K at different magnetic fields. The susceptibilities were corrected for ionic diamagnetism (8) . AC susceptibility measurements have been carried out at a frequency of 400 Hz with an amplitude of 1 Oe at zero magnetic fields. w DC measurements were performed after the sample was cooled to 2 K in zero field (ZFC). Decreasing the temperature in the presence of the required magnetic field allowed out field cooling measurements (FC) to be made. The magnetization was measured at different temperatures in the magnetic field range of 0-5 T.
RESULTS AND DISCUSSION
X-ray diffraction data reveal that all the samples are isostructural and they have been refined according to the zircon-type structure, S.G. I4 1 /amd. As a representative example, Fig. 2 distance along the RCrO 4 series of oxides. According to the above discussion, the a and c lattice parameters of these phases decrease linearly with the reduction of the ionic radius of the rare earth from Pr to Yb, due to the lanthanide contraction.
Magnetic susceptibility data follow the Curie-Weiss law,
in a wide range of temperatures 300-50 K in all cases. The obtained values of the effective magnetic moments of the R 3+ , after discounting the Cr 5+ magnetic contribution (1.67 m B ), agree with the theoretical ones calculated by Hund's equation (see Table 2 ). However, at temperatures below 50 K, the magnetic behavior of these samples depends on the particular rare earth cation present in each RCrO 4 oxide. Besides that, the magnetic susceptibility becomes field-dependent.
As the temperature continues to decrease from 50 K, a sudden increase is observed in the magnetic susceptibility, followed by the presence of a net maximum (see Fig. 3 ). The mentioned increase can be attributed to ferromagnetic interactions in the Cr 5+ sublattice. However, at the net maximum, characterized by the Ne´el temperature (T N ), the R 3+ -O-Cr 5+ and R 3+ -O-Cr 5+ -O-R 3+ interactions become operative. This fact gives rise to a three-dimensional antiferromagnetic ordering in which both sublattices are involved.
We have also measured the AC susceptibility at different temperatures and, in all cases, a narrow peak is observed in the w AC 0 vs T plot, whose temperature exactly conforms with the Ne´el temperature previously obtained in the DC magnetic susceptibility measurements. Figure 4 shows the w AC vs T plot for the YbCrO 4 oxide as a representative example.
The magnetic susceptibility decreases as the temperature is lowered from the Ne´el temperature, taking a zero value at the so-called compensation temperature (T comp ). As in the case of the T N , the T comp is dependent on both the rare earth cation and the magnetic field employed in the measurements (see Fig. 3 and Table 3 ). Further cooling leads to negative values of the magnetic susceptibility. During past decades, several groups have reported similar anomalous diamagnetism caused by a reversal of the ferromagnetic component of a canted antiferromagnet and this unusual phenomenon is named reversal magnetization, which indicates that the direction of the magnetization is the reverse of that of the applied magnetic field below the compensation temperature (9-13). Recently, Ren et al. (14) have been found reversal magnetization in single crystals of YVO 3 . The mechanism to explain this phenomenon is related to the competition of the single V 3+ magnetic anisotropy and the antisymmetric Dzialoshinsky-Moriya interaction. In the case of these RCrO 4 oxides, this fact can be explained by the presence of a weak ferromagnetic component or canting arising from the imperfect alignment of the magnetic moments corresponding to the Cr 5+ and R 3+ ions in the antiferromagnetic state. As the temperature is decreased from the Ne´el temperature, such canting tends to align antiparallel to the external magnetic field. The driving force for this behavior is a molecular field (H m ), probably stemming from the Cr 5+ sublattice. When the projection of the canting in the direction of Fig. 3 . Below the Ne´el temperature, substantial differences are observed between the measurements made upon warming after field cooling the sample in the required magnetic field (FC) and those made after zero-field cooling the sample (ZFC). When the FC process is employed, the ferromagnetic component of the Cr 5+ sublattice above the Ne´el temperature is quenched, attaining the saturation state at temperatures not far from 2 K. In this case, the complex magnetic behavior described previously in the ZFC process is completely masked. The FC and ZFC magnetic data of the TbCrO 4 oxide at 10 Oe are shown in Fig. 5 as a representative example. The reason for the difference between the ZFC and FC measurements is that in the FC cycle the particles are magnetically annealed so that their net magnetization moments will orient in the direction of the applied magnetic field, while in the ZFC procedure the particles will be magnetically ordered below T N with their ferromagnetic component randomly distributed. This net moment is then antiparallel aligned for low applied field values. Figure 6 displays the ZFC process of the TmCrO 4 at different magnetic fields. When the applied magnetic field is high enough, it overcomes the molecular field, and the reversal of magnetization phenomenon is totally suppressed. For instance, such is the case of the TmCrO 4 oxide when the external magnetic field is 500 Oe. Moreover, its Ne´el temperature value keeps approximately constant between 10 and 100 Oe. However, above 100 Oe, the T N starts to decrease, as a consequence of the perturbation of the antiferromagnetic state. At 1 T, the net maximum has been obliterated and the trend of the magnetic susceptibility corresponds with a ferromagnetic state. The values of T N and T comp as functions of the applied magnetic field, as well as the w ZFC and w FC at 2 K, for the TmCrO 4 compound are collected in Table 4 .
As the TbCrO 4 oxide presents the highest value of w ZFC at 2 K (see Fig. 5 ), it is expected that it possesses the largest ferromagnetic component or canting. This hypothesis is confirmed by the magnetization measurements (see Fig. 7 ). At a zero value of the external magnetic field, this compound presents a magnetization value of 1.14 m B . As the moment provided by the ordered Cr 5+ sublattice cannot exceed 1 m B , the Tb 3+ sublattice must be inevitably involved in the canting of the magnetic structure. Moreover, the ytterbium phase possesses a value of 0.14 m B at zero magnetic fields, while the remaining oxides display small negative values of the magnetization.
The magnetization vs applied magnetic field plots of the ytterbium and gadolinium chromates are presented in Figs. 8 and 9 , respectively. In all cases, another magnetic phenomenon can be clearly appreciated in the mentioned interactions are perturbed and a metamagnetic transition takes place. The consequence of this behavior is a sudden jump in the magnetization. The value of that critical field depends on the measurement temperature. For the purpose of determining the critical field at different temperatures, the dM/ dH vs H plot is displayed as an inset in Fig. 9 for the case of the GdCrO 4 oxide. As can be observed, the magnetic field that is necessary for the metamagnetic transition to occur decreases notably as the temperature becomes higher. It is worth noting that the lowest value of H c (225 Oe) is attained for the GdCrO 4 derivate, which can be ascribed to the lack of magnetic anisotropy of the Gd 3+ ion, which possesses 8 S 7/2 as the ground term. Below the Ne´el temperature, substantial differences are observed between the measurements made upon warming after field cooling the sample in the required magnetic field (FC) and those made after zero-field cooling the sample (ZFC).
When the temperature is higher than the Ne´el temperature, the M vs H plot corresponds with a ferromagnetic material and, consequently, no metamagnetic transition is observed. Such is the case of the TbCrO 4 compound at 25 K (its T N value is 22 K) (Fig. 7) . This fact serves to confirm the magnetic ordering in the Cr 5+ sublattice above the Ne´el temperature.
CONCLUSIONS
The magnetic properties of an extended number of isostructural RCrO 4 oxides have been systematically studied. We have found that these oxides behave as canted antiferromagnets and their estimated Ne´el temperatures are dependent on the R 3+ ion. The net magnetization observed in the samples is caused by a canting of the nearly antiferromagnetic arrangements of the spins of both Cr 5+ and R 3+ sublattices. Below the Ne´el temperature, which is dependent on the rare earth, at an applied magnetic field lower than 200 Oe, the magnetization decreases monotonically with the temperature, reaching negative values after passing the so-called compensation temperature. This anomalous diamagnetism, called reversal magnetization, is caused by a reversal of the ferromagnetic component arising from the canted antiferromagnetic behavior that presents these oxides. Metamagnetic transitions have been detected in all cases at relatively weak magnetic fields ranging from 225 Oe in the case of GdCrO 4 to 1600 Oe for YbCrO 4 , which clearly reflects the effect of the crystal field anisotropy associated with the ground term of the corresponding rare earth trivalent cation.
